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I. Introduction 
The combined pulsed source chopper technique has proved to be a val- 
uable tool for the investigation of neutron spectra in moderators. As is well 
known, the time asymptotic equilibrium state in an infinite moderator with 
1 
--absorption is completely governed by the principle of detailed balance, 
V 
which causes the spectrum to be a Maxwellian. To get information about the 
scattering properties of the moderator, it is therefore necessary to study de- 
viations from this state by enforcing a distortion of the spectrum. This sit- 
uation is realized when neutron leakage from the moderator is present. For 
small moderator assemblies the spectrum inside is distorted by diffusion cool- 
ing. A direct measurement of this phenomenon has been made by Beckurts [q . 
For large moderators the leakage causes a distortion of the spectrum only near 
the surface. The leakage spectra correspond to those of the Milne problem 
without absorption and a Maxwellian source at infinity. This problem has been 
investigated experimentally and theoretically by various authors [I, 2, 3, 4, 51. 
Of interest are the angular dependence of the spectra and how they are influ- 
enced by the detailed form of the scattering law. 
A more direct method is to look into the approach to the equilibrium 
state, where the deviations are larger and therefore the influence of the scat- 
tering properties of the moderator becomes more apparent. Measurements of the 
time-dependence of neutron spectra have first been made by Barnard et al. [6] . 
For large moderators such investigations yield information mainly about the iso- 
tropic part of the scattering law, whereas diffusion cooled and leakage spectra 
are influenced by both transport effects and thermalization effects which causes 
a very complex dependence on the scattering law. 
- 1 -  
I n  t h i s  pape r  two d i f f e r e n t  i n v e s t i g a t i o n s  of  thermal  n e u t r o n  spec -  
t r a  by t h e  combined pu l sed  s o u r c e  choppe r  t e c h n i q u e  a r e  d e s c r i b e d .  
The  f i r s t  P a r t  d e a l s  w i t h  time a s y m p t o t i c  l e a k a g e  s p e c t r a .  F o r  a  
l a r g e  rnoderator  a n g u l a r  dependen t  measurements w e r e  made f o r  w a t e r  and l e a k a g e  
s p e c t r a  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  were  measured f o r  w a t e r ,  benzene ,  and Dow- 
t h e r n  A .  Fur the rmore  f o r  w a t e r  and benzene  measurements  of t h e  p e r p e n d i c u l a r  
l e a k a g e  s p e c t r a  were performed f o r  s m a l l  s l a b s ,  where t h e  s p e c t r a  i n  t h e  mid- 
d l e  no l o n g e r  a r e  ll laxwellian due  t o  d i f f u s i o n  c o o l i n g .  
The second P a r t  c o n c e r n s  i n v e s t i g z t i o n s  of t h e  n e u t r o n  modera t ion  
th rough  rneasurenents  of t h e  time b e h a v i o u r  of n e u t r o n  s p e c t r a  a f t e r  t h e  i n j e c -  
t i o n  of a  s h o r t  p u l s e  of f a s t  n e u t r o n s  i n t o  a  mode ra to r .  The m o d e r a t o l ~ i n v e s -  
t i g a t e d  w e r e  z i r con ium h y d r i d e  a t  room t e m p e r a t u r e  and i c e  a t  l i q u i d  n i t r o g e n  
and l i q u i d  hydrogen  t e m p e r a t u r e .  
11. Leakage  s p e c t r a  (J .K. )  
1. E x p e r i m e n t a l  methods 
Tho p u l s e d  n e u t r o n  s o u r c e  and f l i g h t  p a t h  have  been  d e s c r i b e d  i n  [ 7 ] .  
The s o u r c e ,  a  400  kev c a s c a d e  d e u t e r o n  a c c e l e r a t o r ,  was deve loped  by W.Eyrich [8]. 
A t  t h e  end of t h e  t h r e e  meter f l i g h t  p a t h  is  t h e  n e u t r o n  d e t e c t o r  bank of  e i g h t  
h i g h  p r e s s u r e  BF c o u n t e r s .  A cadmium choppe r  w i t h  a  r o t a t i o n  r a t e  of 3 
7000 - 12000 RPM is used .  An e l e c t r o n i c  p u l s e  g i v e n  f rom t h e  choppe r  is de-  
l a y e d ,  and t h e n  used  t o  t r i g g e r  t h e  a c c e l e r a t o r  and t h e  t i m e  a n a l y z e r  connec t ed  
t o  t h e  d e t e c t o r .  Thus ,  by a d j u s t i n g  t h e  t i m e  a t  which t h e  a c c e l e r a t o r  p u l s e  
o c c u r s ,  i t  1s i n s u r e d  t h a t  t h e  n e u t r o n s  i n  t h e  mode ra to r  a r e  t h e r m a l i z e d  b e f o r e  
t h e  choppe r  Opens. Th ree  l o n g  c o u n t e r s  w e r e  used a s  m o n i t o r s ,  t o  d e t e r m i n e  t h e  
i n t e n s i t y  of t h e  s o u r c e .  
The  measurements of t h e  l e a k a g e  s p e c t r a  f o r  n e u t r o n s  e m i t t e d  a t  
0 0 
a n g l e s  f rom 0 t o  7 2  f rom t h e  s u r f a c e  normal were  made on two l a r g e  w a t e r  sam- 
p l e s ,  15 c m  X 30 c m  X 30 cm and. 1 2  cm X 22 cm X 22 Cm. F i g . 1  shows s c h e m a t i -  
c a l l y  t h e  e x p e r i m e n t a l s e t - u p  f o r  t h i s  measurement. The  d i f f e r e n t  a n g l e s  were 
o b t a i n e d  by t u r n i n g  t h e  sample  a b o u t  t h e  a x i s  t h r o u g h  t h e  C e n t e r  of t h e  a r e a  
f r o m  which t h e  n e u t r o n s  w e r e  e x t r a c t e d .  F o r  e a c h  a n g u l a r  a d j u s t m e n t ,  t h e  appa-  
r a t u s  was moved s o  t h a t  t h e  p o s i t i o n  of t h e  t a r g e t  r e l a t i v e  t o  t h e  m o d e r a t o r  
s ample  remained  c o n s t a n t .  The a r e a  f rom which t h e  n e u t r o n s  were e x t r a c t e d  was 
f i x e d  by windows of v a r i o u s  s i z e s ,  s u c h  t h a t  t h e  a r e a  of t h e  s u r f a c e  S e e n  by 
t h e  d e t e c t o r  bank was i d e n t i c a l  f o r  a l l  a n g l e s .  
I n  o r d e r  t o  measure a t  l a r g e r  a o g l e s  from t h e  normal t o  t h e  s u r f a c e ,  
r a t h e r  l a r g e  d i s t a n c e s  (up t o  14 cm) were necessary .  T h i s  causes  a cons ider -  
a b l e  c o r r e c t i o n  f o r  t h e  d i f f e r e n t  f l i g h t  times between t h e  moderator s u r f a c e  
and t h e  chopper.  To check t h e  accuracy of t h i s  c o r r e c t i o n ,  measurements of t h e  
spectrum f o r  l eakage  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  were made a t  t h r e e  d i s t a n c e s .  
The s p e c t r a  ob ta ined  from t h e s e  measurements were i d e n t i c a l .  
The measurements of t h e  s p e c t r a  f o r  neu t rons  e m i t t e d  p a r a l l e l  t o  t h e  
s u r f a c e  were made on a  22 cm X 22 cm X 1 2  cm H 0 sample,  u s i n g  t h e  assembly 2 
shown i n  f i g . 2 .  The e x t r a c t i o n  channel  was two c m  wide,  and had a  cadmium 
l i n i n g  excep t  f o r  t h e  l a s t  8 mm from t h e  e x t r a c t i o n  p o i n t ;  t h i s  l i n i n g  i n s u r e d  
t h a t  on ly  neu t rons  from t h e  e x t r a c t i o n  p o i n t  cou ld  p a s s  through t h e  chopper.  
The w a t e r  s u r f a c e  was s h a r p l y  d e f i n e d  a t  t h e  e x t r a c t i o n  p o i n t  by an  aluminium 
Cross p i e c e  i n  c o n t a c t  w i t h  t h e  s u r f a c e .  Measurements were made f o r  channel  
i n t r u s i o n  d e p t h s  below t h e  s u r f a c e  of 2 and 4 mm. 
2. R e s u l t s  
a )  P e r p e n d i c u l a r  l e a k a g e  s p e c t r a  
The r e s u l t s  f o r  t h e  l eakage  s p e c t r a  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  f o r  
H 0,  benzene, and Dowtherm A a t  room tempera tu re  a r e  shown i n  f i g . 3  and 4. I n  2  
t h e s e  f i g u r e s ,  and i n  f i g . 5 ,  t h e  s o l i d  curves  a r e  f rom t h e o r e t i c a l  c a l c u l a t i o n s ,  
which w i l l  be d i s c u s s e d  i n  s e c t i o n  3. 
The s p e c t r a  f o r  t h e  l a r g e  sample (30 cm X 30 cm X 15 cm) a r e  compared 
i n  f i g u r e s  3-IV and 3-V f o r  t h e  t h r e e  moderators .  These s p e c t r a  a r e  p r a c t i -  
c a l l y  i d e n t i c a l ,  a l though  t h e  f requency d i s t r i b u t i o n s  of t h e  t h r e e  moderators 
a r e  q u i t e  d i f f e r e n t  L9, 101. A l l  t h r e e  s p e c t r a  a r e  about  1 5  - 17% h o t t e r  t h a n  
a  Maxwellian d i s t r i b u t i o n  a t  moderator t empera tu re ,  shown by t h e  dashed c u r v e  
The e f f e c t  of d i f f u s i o n  c o o l i n g ,  f i rs t  observed d i r e c t l y  i n  s p e c t r a  
measurements of Beckur t s  L11 , is q u i t e  apparen t  i n  t h e  s p e c t r a  f o r  s m a l l  s l a b s .  
I t  can be Seen i n  f i g . 4  t h a t  t h e  maximum of t h e  s p e c t r a  f o r  t h e  s m a l l e s t  s l a b s  
i s  a t  about  0.025 e v ,  whi le  t h a t  of t h e  i n f i n i t e  medium is  a t  0.030 ev.  
b) Angular dependent s p e c t r a  
The r e s u l t s  of t h e  angu la r  dependent s p e c t r a  measurements a r e  shown 
i n  f i g . 5 ,  f o r  v a r i o u s  v a l u e s  of t h e  c o s i n e  of t h e  a n g l e  8 between t h e  
emerging d i r e c t i o n  and t h e  normal t o  t h c  s u r f a c e .  The measurements f 0 r  
0 0 
/ U = 1 .O,  0 . 7 ,  0 . 5 ,  and 0 . 3  (8 = 0 ,  45 , 60°, and 72O) a r e  t h o s e  f  rom t h e  
22 X 22 X 1 2  cm sample;  t h e  r e s u l t s  w i t h  t h e  30 X 30 X 15 sample were essen-  
t i a l l y  t h e  Same. There  is very  l i t t l e  angu la r  dependence down t o  / U  = 0 . 3 ,  
t h e  s p e c t r a  be ing  a l l  of n e a r l y  t h e  same form. There  is a  very  s l i g h t  amount 
of c o o l i n g  a s  U d e c r e a s e s ,  which can be d e t e c t e d  by d i v i d i n g  t h e  / / U  = 1.0 
c u r v e  i n t o  t h e  o t h e r  cu rves .  A s  an example, f i g . 6  shows t h e  q u o t i e n t  
0 ( / u  = 0 . 3 ,  E )  
. While t h e  p o i n t s  s c a t t e r  c o n s i d e r a b l y ,  a d e f i n i t e  t r e n d  to-  @(,U = 1.0, E) 
ward h i g h e r  va lues  f o r  lower e n e r g i e s  can  be Seen,  which i n d i c a t e s  t h a t  t h e  
/ U = 0 .3  spect rum is  c o o l e r .  For  comparison,  t h e  q u o t i e n t  of two Maxwellians 
w i t h  T, d i f f e r i n g  by 2% is shown. 
For / U  = 0 . 0 ,  t h e  c o n t a i n e r  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n  f o r  
- 
measuring s p e c t r a  emerging p a r a l l e l  t o  s u r f a c e  was used.  The s p e c t r a  shown 
were o b t a i n e d  from measurements i n  which t h e  e x t r a c t i o n  channel  p e n e t r a t i o n  i n -  
t o  t h e  s u r f a c e  was approximate ly  2 and 4 mm. The r e s u l t s  f o r  bo th  i n t r u s i o n  
d e p t h s  a r e  p r a c t i c a l l y  t h e  same. The i n t e n s i t y  f o r  t h e  2 mm measurement was 
very  low, t h e r e f o r e  t h e  p o i n t s  s c a t t e r  c o n s i d e r a b l y .  T h e o r e t i c a l  c a l c u l a -  
t i o n s  L 4 1  p r e d i c t  t h a t  t h e  t r a n s i e n t  f l u x ,  which des -c r ibes  t h e  v a r i a t i o n  i n  t h e  
s p e c t r a  form n e a r  t h e  s u r f a c e ,  d i e s  o f f  q u i t e  r a p i d l y  f o r  i n c r e a s i n g  d i s t a n c e  
from t h e  s u r f a c e .  Fur thermore ,  t h e  d i s t u r b i n g  e f f e c t  of t h e  e x t r a c t i o n  channe l  
becomes g r e a t e r  f o r  i n c r e a s i n g  p e n e t r a t i o n  dep th .  Hence, t h e  r e s u l t s  must be  
i n t e r p r e t e d  w i t h  c a r e .  However, s i n c e  t h e  v a r i a t i o n  between t h e  4 and 2 mm 
measurements is minimal, i t  was f e l t  j u s t i f i e d  t o  e x t r a p o l a t e ,  and presume t h a t  
t h e  2  mm measurement g i v e s  e s s e n t i a l l y  t h e  form of t h e  s p e c t r a  f o r  Zero pene- 
t r a t i o n ,  which is t h e  c a s e  of i n t e r e s t .  I t  can  be  Seen t h a t  t h e  s p e c t r a  a t  t h e  
g r a z i n g  a n g l e  a r e  c o o l e r  than  t h a t  f o r  = 1.0. The d o t t e d  c u r v e  i n  fig.5-V1 
is a  Maxwellian a t  moderator t empera tu re ;  t h e  spect rum is o b v i o u s l y  h o t t e r  
than  t h i s  hlaxwellian. 
3 .  T h e o r e t i c a l  c a l c u l a t i o n s  and compar ison  w i t h  measurements  
The c a l c u l a t i o n s  f o r  t h e  b u c k l i n g  dependen t  p e r p e n d i c u l a r  l e a k a g e  
s p e c t r a  w e r e  done  w i t h  ADALS, a  program deve loped  by R.Kladnik f o r  t h e  t i m e  
a sy rnp to t i c ,  a n g u l a r  dependen t  l e a k a g e  s p e c t r a  f o r  i n f i n i t e  s l a b s .  The  t h e o r y  
f o r  t h e  prograrn b1, 121 a p p l i e s  a  v a r i a t i o n a l  t e c h n i q u e .  The i n f  l u e n c e  of t h e  
s u r f a c e  on t h e  s p e c t r a  is d e s c r i b e d  by a  v a r i a t i o n a l  t r i a l  f u n c t i o n ,  improved 
by one  i t e r a t i o n .  
The c u r v e s  shown i n  f i g u r e s  3 and 4 were c a l c u l a t e d  w i t h  ADALS. The  
w a t e r  c a l c u l a t i o n s  shown a r e  f o r  t h e  Goldman and F e d e r i g h i  v e r s i o n  o f  t h e  
N e l k i n  k e r n e l  [13], w h i l e  t h e  Dowtherm A and benzene  c a l c u l a t i o n s  were done  
- - 
w i t h  a  k e r n e l  c a l c u l a t e d  by a  K a r l s r u h e  v e r s i o n  of  P i x s e  1141 f rom G l ä s e r ' s  
s c a t t e r i n g  laws  [9]. F o r  w a t e r ,  c a l c u l a t i o n s  were a l s o  done  w i t h  t h e  Haywood 
k e r n e l  [10]; t h e  r e s u l t s  w e r e  e s s e n t i a l l y  t h e  Same as w i t h  t h e  N e l k i n  k e r n e l .  
F o r  t h e  l a r g e  sample ,  t h e  c a l c u l a t e d  s p e c t r a  f o r  t h e  o r g a n i c  modera to r s  a r e  
s l i g h t l y  c o o l e r  t h a n  t h o s e  f o r  H 0,  b u t  o t h e r w i s e  of p r a c t i c a l l y  t h e  Same form. 2 
A s  c a n  be  S e e n ,  t h e  agreement  between measurements  and c a l c u l a t i o n s  is good 
f o r  H 0,  w h i l e  f o r  benzene  and Dowtherm A t h e  c a l c u l a t e d  s p e c t r a  a r e  a l i t t l e  2 
c o o l e r  t h a n  t h e  measurements .  F o r  t h i n  s l a b s ,  t h e  agreement  i s  s a t i s f a c t o r y  
f o r  a l l  c a s e s ;  t h u s  ADALS d e s c r i b e s  q u i t e  w e l l  t h e  i n f l u e n c e  of  d i f f u s i o n  
c o o l i n g .  I n  g e n e r a l ,  i t  c a n  b e  s a i d  t h a t  t h e  agreement  be tween ADALS c a l c u -  
l a t i o n s  and expe r imen t  is s a t i s f a c t o r y  f o r  t h e  p e r p e n d i c u l a r  l e a k a g e  s p e c t r a .  
The a n g u l a r  dependence  of  t h e  l e a k a g e  s p e c t r a  c a l c u l a t e d  by ADALS, 
which p r e d i c t s  a  Maxwel l ian  f o r  = 0.0, was s t r o n g e r  t h a n  t h a t  which w e  de-  
t e c t e d  e x p e r i m e n t a l l y .  To o b t a i n  b e t t e r  ag reemen t ,  m o d i f i c a t i o n s  were made on 
a n o t h e r  program deve loped  by Kladn ik ,  which  t r e a t s  t h e  hfi lne problem f o r  a  
s e m i - i n f i n i t e  medium w i t h  Ze ro  a b s o r p t i o n  and a  h laxwel l ian  s o u r c e  a t  i n f i n i t y .  
The s p e c t r a f r o m  o u r  a n g u l a r  measurements ,  made i n  a l a r g e  geometry ,  c o r r e s p o n d  
t o  t h i s  s i t u a t i o n .  The t h e o r y  f o r  t h i s  problem 1s d e s c r i b e d  i n  L2]. S i n c e  
t h e  geometry  e f f e c t s  f o r  t h i s  c a s e  a r e  much s i m p l e r ,  t h e  t r i a l  f u n c t i o n  d e s c r i b -  
i n g  t h e  i n f l u e n c e  of  t h e  s u r f a c e  c a n  b e  more i n v o l v e d .  F o r  t h e  t r i a l  f u n c t i o n  
used  i n  [2], w i t h  one  i t e r a t i o n ,  t h e  s p e c t r u m  f o r  U = 0.0 is  a  Maxwell ian.  / 
T h i s  program was modif ied  by u s i n g  a  more complex t r i a l  f u n c t i o n ,  and pe r -  
fo rming  two i t e r a t i o n s .  F o r  t h e  p e r p e n d i c u l a r  l e a k a g e  s p e c t r a  ( U = 1.01, / 
t h e  r e s u l t s  of t h e  modif ied  program a g r e e  w e l l  w i t h  t h e  ADALS t h i c k  s l a b  c a l -  
c u l a t i o n s .  The r e s u l t s  of a  Haywood k e r n e l  c a l c u l a t i o n  w i t h  t h e  mod i f i ed  
program a r e  shown i n  f i g . 5 .  The t h e o r e t i c a l  s p e c t r a  a r e  17% and 11% h o t t e r  
t han  a  Maxwell ian f o r  U = 1.0 and 0 , O .  r e s p e c t i v e l y .  A s  c a n  be Seen  f : :  t t c  / 
f i g u r e ,  t h e  agreement w i t h  t h e  measured s p e c t r a  is s a t i s f a c t o r y  i n  a l l  c a s e s .  
4 .  Summary 
Measurernents of t h e  l e a k a g e  s p e c t r a  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  of 
H 0, benzene ,  and Dowtherm A f o r  a  l a r g e  geometry  show t h a t  f o r  t h e s e  n o d e r a i o : ~  2 
t h e  i n f l u e n c e  of d i f f e r e n c e s  i n  t h e  s c a t t e r i n g  law on t h e  l e a k a g e  s p e c t r a  rs 
v e r y  s rna l l .  Whereas t h e  f r e q u e n c y  d i s t r i b L t i o n s  of t h e  s u b s t a n c e s  a r e  quiLe 
d i f f e r e n t ,  t h e  measured s p e c t r a  a r e  a lmos t  i d e n t i c a l .  The a n g u l a r  d e p e n d e ~ c e  
of t h e  l e a k a g e  s p e c t r a  i n  H 0 was found t o  be  v e r y  weak. The spec t rurn  perpcn-  2 
d i c u l a r  t o  t h e  s u r f a c e  h a s  a mean ene rgy  a b o u t  17% h i g h e r  t h a n  t h a t  of a 
Maxwell ian.  T h i s  d i f f e r e n c e  d e c r e a s e s  w i t h  i n c r e a s i n g  a n g l e  t o  t h c  normal., 
b e i n g  a b o u t  10% f o r  g r a z i n g  e n i s s i o n .  
The measured p e r p e n d i c u l a r  l e a k a g e  s p e c t r a  c a n  s a t i s f a c t o r i l y  be d e c -  
c r i b e d  by t h e o r e t i c a l  c a l c u l a t i o n s  made w i t h  ADALS. A rnodif ied v e r s i o n  of t h e  
program f o r  t h e  h l i lne  problem w i t h o u t  a b s o r p t i o n  g i v e s  r e s u l t s  which are i n  
s a t i s f a c t o r y  agreement w i t h  t h e  a n g u l a r  measurements .  I t  is i n t e n d e d  tn improve 
t h i s  program by u s i n g  s t i l l  more term i n  t h e  v a r i a t i o n a l  t r i a l  functioc. We 
p l a n  t o  make c a l c u l a t i o n s  f o r  o t h e r  s c a t t e r i n g  k e r n e l s ,  t o  see whe the r  Ehe 
a n g u l a r  dependence  of t h e  l e a k a g e  is markedly i n f l u e n c e d  by V a r i a t i o n s  i n  t h e  
s c a t t e r i n g  law. 
111. Measurements of t i m e  dependent neutron s p e c t r a  (W.R.) 
1. Apparatus 
The i n v e s t i g a t i o n s  of t h e  t ime dependence of neu t ron  s p e c t r a  i n  
z i rconium hydr ide  and i c e  were made w i t h  e s s e n t i a l l y  t h e  Same equipment des-  
c r i b e d  above. For t h e  z i rconium h y d r i d e  measurements w e  used a  block of 
20.0 X 26.0 X 28.0 cm of s o l i d  zirconium h y d r i d e  (ZrH ) which was i n  t h e  1.65 
form of s m a l l  d i s c  shaped p e l l e t s  (15.1  mrn d i a m e t e r ,  2.5 mm h e i g h t )  w i t h  a  
d e n s i t y  of 3  3  tf = 5.43 g/cm . The average d e n s i t y  of t h e  block was 4.929 g/cm . 
The i c e  was k e p t  a t  low tempera tu res  by a  c r y o s t a t  which is shown 
i n  f i g . 7 .  The i c e  block was of c y l i n d r i c a l  form (14.2 cm d i a m e t e r ,  14.6  mm 
h e i g h t )  encased i n  a  cadmium c l a d  aluminium c o n t a i n e r ,  which was f l a n g e d  t o  t h e  
s t o r a g e  v e s s e l  of t h e  c o o l a n t .  Through t h e  s m a l l  t u b e  connec t ing  t h e  s t o r a g e  
v e s s e l  w i t h  t h e  moderator v e s s e l ,  t h e  c o o l a n t  was i n  d i r e c t  c o n t a c t  w i t h  t h e  
i c e  bu t  had a  n e g l i g i b l e  d i s t u r b i n g  e f f e c t  on t h e  measurements. The tempera- 
t u r e  of t h e  i c e  block was determined by two copper-constantan thermocouples.  
0 0 I t  was on ly  s l i g h t l y  above t h e  c o o l a n t  t empera tu re  (77 K and 21 K r e s p e c t i v e l y ) .  
The r a d i a t i o n  s h i e l d ,  made of 1 mm copper ,and t h e  o u t e r  v e s s e l  had t h i n  a l u -  
minium windows i n  o r d e r  t o  minimize t h e  a b s o r p t i o n  and s c a t t e r i n g  of neu t rons  
i n  t h e  beam. 
2. R e s u l t s  
a )  Zirconium h y d r i d e  
Fig.8 shows t h e  s p e c t r a  i n  t h e  middle of t h e  zirconium hydr ide  block 
a t  t imes  a f t e r  t h e  f a s t  neu t ron  b u r s t  va ry ing  from 1 1 3  t o  465 us .  A t  t h e  end / 
of t h i s  t ime i n t e r v a l  t h e  s p e c t r a  change o n l y  s l i g h t l y  w i t h  t ime ,  t h u s  i n d i c a t -  
i n g  t h a t  t h e  asympto t ic  s t a t e  h a s  been approached. The s p e c t r a  w i t h  t h e  l a r -  
0 g e s t  d e l a y  a r e  c o o l e r  t h a n  a  Maxwellian a t  moderator t empera tu re  (24 C )  which 
0 
can  b e s t  be Seen from f i g .  9 ,  where t h e  s p e c t r a  d i v i d e d  by a  hfaxwellian of 20 C 
-Lot 
and c o r r e c t e d  f o r  t h e  asympto t ic  decay e a r e  p l o t t e d  v e r s u s  f l i g h t  t ime.  
T h i s  f i g u r e  c l e a r l y  shows t h e  i n f l u e n c e  of t h e  0.13 ev resonance.  Above 0.13 ev 
t h e  neu t rons  are s t r o n g l y  s c a t t e r e d  down t o  lower e n e r g i e s  a t  e a r l y  t imes  which 
c a u s e s  t h e  s h a r p  d i p  i n  t h e  curves .  A t  l o n g e r  t i m e s ,  u p s c a t t e r i n g  from lower 
e n e r g i e s  becomes important  and,  t h e r e f o r e ,  t h e  s p e c t r a  on ly  change s l o w l y  i n  
t h i s  r eg ion .  The d i p  i n  t h e  n e a r l y  asympto t i c  s p e c t r a  is caused by d i f f u s i o n  
c o o l i n g ,  s i n c e  t h e  moderator b lock was no t  i n f i n i t e l y  l a r g e .  The " c o n s t r i c -  
t i o n "  of t h e  curves  occurs  a t  0.17 ev where t h e  i n e l a s t i c  s c a t t e r i n g  Cross  s e c -  
t i o n  h a s  a  maximum. 
From t h e s e  s p e c t r a  t h e  t i m e  dependence of t h e  mean energy h a s  been 
determined.  These d a t a  can be d e s c r i b e d  w e l l  by a n  e x p o n e n t i a l  approach of t h e  
mean energy t o  its e q u i l i b r i u m  v a l u e  w i t h  a  r e l a x a t i o n  t i m e  of T =  97 2 7 us  nZ / 
(sec f i g . 1 0 ) .  The asympto t i c  v a l u e  of t h e  mean energy is 0.0493 ev and t h u s  
4% below 2 kTM. 
I n  a d d i t i o n ,  t h e  s p e c t r a  from t h e  s u r f a c e  w e r e  measured f rom 50 u s  / 
t o  370 us a f t e r  t h e  p u l s e  ( f i g . 1 1 ) .  The a lmost  a sympto t i c  l eakage  spect rum is / 
h a r d e r  than  t h e  spect rum from t h e  middle of t h e  b lock  by 18%. The mean energy  t 
-
- 
of t h e s e  s p e c t r a  can a g a i n  be f i t t e d  by an r e l a t i o n  g ( t )  = E ( 1  + a  e  Trel) 
00 
w i t h  rrel = (74 5 7 ) / u s  ( f i g . 1 2 ) .  
- 
b) I c e  
0 The r e s u l t s  of t h e  s p e c t r a  measurements i n  i c e  a t  77 K a r e  shown i n  
f i g . 1 3 .  The spect rum measured wi th  t h e  l o n g e s t  d e l a y  a f t e r  t h e  n e u t r o n  b u r s t  
0 
can  be w e l l  d e s c r i b e d  by a  hfaxwellian of 75 K ,  t h u s  i n d i c a t i n g  a  s m a l l  d e c r e a s e  
i n  mean energy by d i f f u s i o n  coo l ing .  C lose  t o  t h e  asympto t i c  s t a t e ,  t h e  mean 
energy c a l c u l a t e d  from t h e s e  d a t a  shows a n  e x p o n e n t i a l  behaviour  w i t h  a  r e l a x a -  
t i o n  t ime  rrel =(77 5 B u s  ( f i g . 1 4 ) .  Fig .15 shows t h e  r e s u l t  of a  t r a n s m i s s i o n  / 
measurement through a n  indium f o i l ,  where Q ( t )  - Q(m) is p l o t t e d  v e r s u s  t i m e .  
( Q ( t )  is t h e  r a t i o  of t h e  coun t ing  r a t e  of t h e  d e t e c t o r  a f t e r  t r a n s m i s s i o n  
through t h e  a b s o r b e r  t o  t h e  coun t ing  r a t e  of t h e  b a r e  d e t e c t o r . )  The r e l a x a -  
t i o n  t ime o b t a i n e d  from t h e s e  d a t a  is (67 $1 10) us.  / 
The r e s u l t s  f o r  i c e  a t  l i q u i d  hydrogen t empera tu re  g i v e n  i n  f i g u r e s  16 
and 17  show t h a t  t h e  moderation p rocess  a t  t h i s  low tempera tu re  is ex t remely  
slow. The d o t t e d  l i n e  is a  Maxwellian of 21'~.  From t h i s ,  one  c a n  See t h a t  
t h e  neu t rons  a r e  s t i l l  f a r  from t h e i r  e q u i l i b r i u m  s t a t e  even a t  744 us  a f t e r  / 
t h e  p u l s e .  A t  t h i s  t i m e ,  t h e  mean energy of t h e  spect rum is about  30% h i g h e r  
than  t h a t  of a  Maxwellian of 2 1 ° ~ .  I n  f i g . 1 8  t h e  d a t a  of t h e  s p e c t r a  measure- 
0 ments a r e  p resen ted  i n  t h e  form @ ( E ,  t ) /M(E)  ehot ( ~ ( 6 )  = Maxwellian of 21 K ,  
X, = asympto t i c  decay c o n s t a n t ) .  During the .modera t ion  p rocess  a  d i p  s u c c e s s i v e l y  
a p p e a r s  i n  t h e  c u r v e s  i n  t h e  v i c i n i t y  o f  0.01 e v .  T h i s  phenomenon might  b e  
e x p l a i n e d  by a  h i g h  d e n s i t y  of s t a t e s  i n  t h e  phonon e n e r g y  d i s t r i b u t i o n  w i t h i n  
t h i s  r e g i o n .  However, no  c o n f i r m a t i o n  f o r  t h i s  c o u l d  be  found i n  t h e  l i t e r a t u r e .  
3.  D i s c u s s i o n  o f  t h e  r e s u l t s  and compar ison  w i t h  o t h e r  measurements  
a )  The e n e r g y  mode c o n c e p t  
F o r  a  l o n g  t i m e  i t  h a s  been  b e l i e v e d  t h a t  t h e  s o l u t i o n  o f  t h e  t i m e  
dependen t  i n f i n i t e  medium d i f f u s i o n  e q u a t i o n  w i t h o u t  a b s o r p t i o n  c a n  be  decom- 
posed i n t o  a  set  o f  discrete e x p o n e n t i a l l y  d e c a y i n g  e n e r g y  modes 
Among o t h e r s  Corngold  e t  a l .  [I51 l iave shovn t h a t  t h i s  c o n c e p t  i s  n o t  t r u e .  
Discrete e i g e n v a l u e s  e x i s t  o n l y  i n  t h e  r a n g e  
'i L ('inei V)min  w h i l e  above 
t h i s  l i m i t  t h e  e i g e n v a l u e s  fo rm a  cont inuum.  T h e r e f o r e ,  t h e  s o l u t i o n - f o r  t h e  
t i m e  dependen t  f l u x  is w r i t t e n  a s  
Under t h e  c o n d i t i o n  t h a t  t h e  two l o w e s t  e i g e n v a l u e s  a r e  d i s c r e t e ,  t h e  approach  
t o  e q u i l i b r i u m  is governed by t h e  two f i r s t  terms of t h e  e x p a n s i o n  
w i t h  
= 
t h e r m a l i z a t i o n  t i m e  . 
F o r  a  f i h i t e  medium, where t h e  s p a t i a l  dependence  c a n  be  t a k e n  i n t o  accoun t  by 
1 t h e  g e o m e t r i c  b u c k l i n g  , w i t h  --absorption t h e  Same r e p r e s e n t a t i o n  a s  e q .  (2) 
V 
h o l d s  w i t h  t h e  s i n g l e  e x c e p t i o n  t h a t  t h e  lower  l i m i t  of  t h e  i n t e g r a l  is g i v e n  
J .  ! . . V . ;  .~..;rx:-. < - i g e n v a l u e s  a r e  g i v e n  by 
1 2 
= (Cav)o + 7 + gDB + o ( B ~ )  1 
' th 
? ! ~ s t a n t  
-,s f a c t o r .  
. . ,  ..,s ", -; . , , ~ e  d pendence of t h e  mean e n e r g y  1s 
it;cr.c.fori., ::,. ' e t e r m i n a t i o n  o f  t h e  r e l a x a t i o n  c o n s t a n t  o f  t h e  mean 
ene rgy  . .<.  
. . . X ; .  i -  b -. . i r a n s m i s s i o n  measurements ,  where t h e  c o u n t i n g  r a t e  of 
t h e  d e '  '. .,: t.8.j >..:t: a n  a b s o r b e r  i s  d i v i d e d  by t h e  c o u n t i n g  rate of t h e  
b a r e  de . , . ~ - r ; i - ,  i C:&,.:. .:. . ~ i m i l a r  e x p r e s s i o n  a s  t h e  second  l i n e  of  eq. ( 5 ) .  
' . C % - .  .~ -. 
. - .  e t r u n c a t i o n  of  t h e  expans ion  a f t e r  t h e  second  t e r m  
. . . C. shou ld  y i e l d  i d e n t i c a l  r e s u l t s .  is j u s  ' - . .. 
.>:; 39 .-C :I :; ;old [16] have  i n v e s t i g a t e d  t h e  s o l u t i o n  o f  t h e  t i m e  
depeno 1 : . tot1 f o r  t h e  two models  of  a  heavy Debeye c r y s t a l  and 
81) 0~ 
a  heav . . I  . : L .  They found t h a t  o n l y  f o r  -5 0.28  and - L 0 .20  
T T 
d i s c r e  %. : L  . o b t a i n e d .  T h i s  means t h a t  f o r  p r a c t i c a l l y  no  c r y s -  
t a l l i ~ i .  . '.- .L * I ? .  c i i  1 . .C l -  , .  p e r a t u m  a  h v a l u e  w i l l  e x i s t .  
1 
0 Applying  t h e s e  r e s u l t s  t o  - ice of T = 77 K w i t h  a n  assumed Debeye 
0 
t e m p e r a t u r e  of  215 K t h r  v a l u e  of  = 2.79 is f a r  beyocd t h i s  l i m i t .  The Same T 
h o l d s  f o r  z i r c o n i u m  h y d r i d e  unde r  t h e  a s sumpt ions  t h a t  i t  c a n  be r e s p r e s e n t e d  by 
a n  E i n s t e i n  c r y s t a l  w i t h  a n  E i n s t e i n  t e rnpe ra tu re  which c o r r e s p o n d s  t o  0.13 e v .  
U n f o r t u n a t e l y ,  l i t t l e  is known a b o u t  t h e  i n e l a s t i c  s c a t t e r i n g  c r o s s  
s e c t i o n s  f o r  i c e  and z i r c o n i u m  h y d r i d e .  E h r e t  [17] h a s  done  measurements  On 
t h e  i n e l a s t i c  s c a t t e r i n g  of  z i r con ium h y d r i d e .  The e v a l u a t i o n  o f  t h e  d a t a  h a s  
n o t  y e t  been  f i n i s h e d .  P r e l i m i n a r y  c a l c u l a t i o n s  of t h e  t o t a l  i n e l a s t i c  s c a t t e r -  
i n g  c r o s s  s e c t i o n  w i t h  a w i d t h  of  3 3  rnev f o r  t h e  0.13 ev  r e s o n a n c e  and a 2% 
c o n t r i b u t i o n  of t h e  a c o u s t i c a l  P a r t  of  t h e  f r e q u e n c y  d i s t r i b u t i o n  y i e l d  a  v a l u e  
4  
Of ( ' ineiv)min = 5.0 10 sec [18]. A c a l c u l a t i o n  t a k i n g  i n t o  a c c o u n t  o n l y  
t h e  0 . 1 3  e v  r e s o n a n c e ,  assuming i t s  w i d t h  a s  28 mev, and n e g l e c t i n g  t h e  acous-  
4 -1 
t i c a l  p a r t  g i v e s  (Cinelv) = 2.5 10 sec . These  v a l u e s  c o r r e s p o n d  t o  re- 
min 
l a x a t i o n  t i m e s  o f  X) u s  and 40 u s ,  r e s p e c t i v e l y .  / / 
T h e r e f o r e ,  t h e  c r i t i c a l  c o n d i t i o n  is w e l l  s a t i s f i e d  w i t h  t h e  measured 
z i r c o n i u m  h y d r i d e  v a l u e s .  
R e c e n t l y ,  W h i t t e r o r e  [19] h a s  p u b l i s h e d  a  new v a l u e  of  t h e  w i d t h  of  
18 mev f o r  t h e  0 . 1 3  ev  r e s o n a n c e .  T h i s  s m a l l e r  v a l u e ,  however,  w i l l  n o t  app re -  
c i a b l y  change  t h e  i n e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  a t  v e r y  low e n e r g i e s .  Cal -  
c u l a t i o n s ,  t a k i n g  i n t o  a c c o u n t  t h i s  new w i d t h ,  a r e  b e i n g  made. 
0 F o r  t h e  d e t e r m i n a t i o n  of  (C i n e i v ) m i n  of  i c e  a t  77 C t h e  r e s u l t s  of  
McReynolds and Whitfemore [ZO] f o r  t h e  t o t a l  c r o s s  s e c t i o n  of i c e  have  been  used .  
- .  
The t o t a l  c r o s s  s e c t i o n s  of  i c e  a t  2 0 O ~  nnd 7 6 O ~  show a  d i f f e r e n c e  of a b o u t  
10 b a r n s  a t  0 .0009 ev .  Assuming t h a t  t h i s  d i f f e r e n c e  is due  t o  t h e  i n e l a s t i c  
0 
s c a t t e r i n g ,  which  is  e s s e n t i a l l y  Ze ro  a t  20 K ,  a  v a l u e  of a = 10 b a r n s  is i n e l  1 
o b t a i n e d  a t  0.0009 ev.  T h i s  e n e r g y  is  p r o b a b l y  s m a l l  enough t h a t  t h e  - - l a w  
V 
f o r  t h e  i n e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  is v a l i d .  From t h i s  v a l u e  a  l i m i t -  
i n g  r e l a x a t i o n  t i m e  of  40  us is  o b t a i n e d .  The c r i t i c a l  c o n d i t i o n  
2 / Al - Ao + DB < (Cinel~)min a g a i n  is f u l f  i l l e d .  
C )  Zirconium hydr ide  
Under t h e  assumptions t h a t  a  d i s c r e t e  X -value  e x i s t s  and t h a t  a l l  1 
h i g h e r  energy modes had d i e d  ou t  b e f o r e  t h e  t i m e  a t  which t h e  a n a l y s i s  of t h e  
d a t a  s t a r t s ,  t h e  measured r e l a x a t i o n  t ime c o n s t a n t s  can be i d e n t i f i e d  w i t h  
The agreement between t h e  v a l u e  of 74 us  ob ta ined  from t h e  l eakage  / 
s p e c t r a  and t h a t  of 97 us ob ta ined  from t h e  s p e c t r a  i n  t h e  middle of t h e  block / 
is no t  ve ry  good. The d i f f e r e n c e  may be due t o  t h e  f a c t  t h a t  h i g h e r  energy 
modes a r e  s t i l l  p r e s e n t  i n  t h e  c a s e  of t h e  l eakage  s p e c t r a .  The t i m e  i n t e r v a l  
of t h e  measurements begins  a t  50 us a f t e r  t h e  p u l s e ,  whereas t h e  a n a l y s i s  of / 
t h e  s p e c t r a  from t h e  middle s t a r t s  a t  113  us  a f t e r  t h e  p u l s e .  / 
A s  t h e  leakage from t h e  block was s m a l l ,  t h e s e  v a l u e s  w i l l  be c l o s e  
t o  t h e  i n f i n i t e  medium va lues .  Using t h e  g - f a c t o r  determined by Meadows and 
Whalen L211 we o b t a i n  
- 
- 
Lth = 92  us  (middle of t h e  block)  / 
These d a t a  can be compared w i t h  t h e  r e s u l t s  of Meadows and Whalen [21]. 
C o r r e c t i n g  our  va lues  f o r  t h e  d i f f e r e n c e  i n  h y d r o g e s d e n s i t y  w e  g e t  126 us  
3  / 
and 98 us  f o r  Z r H  w i t h  a  d e n s i t y  of 3.48 g/cm , which a r e  i n  r e a s o n a b l e  / 1.7 
agreement wi th  va lues  of Meadows and Whalen, ob ta ined  f rom t h e  t r a n s m i s s i o n  
measurement,of 139 and 124 us. The agreement w i t h  t h e i r  t h e r m a l i z a t i o n  t i m e  / 
of 194 us  ob ta ined  from t h e  l i f e t i m e  measurements is n o t  good. / 
d )  I c e  
For i c e  a t  l i q u i d  n i t r o g e n  temperature  t h e  r e l a x a t i o n  t i m e s  of 
(67 + 10)  us  determined from t h e  t r ansmiss ion  measurement and (77 5 7)  us f rom / / 
t h e  t ime behaviour of t h e  mean energy a g r e e  w e l l .  A s  t h e  l eakage  from t h e  
block was very  s m a l l ,  t h e s e  va lues  a r e  a lmost  equa l  t o  t h e  i n f i n i t e  medium v a l -  
0 
ues .  Brown C221 has  determined t h e  t h e r m a l i z s t i o n  time of i c e  a t  76 K by a  
t r a n s m i s s i o n  method t o  be ( 2 0  2 2) us  which d i f f e r s  very  much from our  d a t a .  / 
A rough e s t i m a t e  of t h e  t h e r m a l i z a t i o n  t ime can be made by means of 
m 
t h e  r e l a t i o n  Lth X - . With t h e  d i f f u s i o n  parameters  ob ta ined  by Antonov e t  
.- -I n2 
a l .  1231, 136 us  a r e  ob ta ined .  The above r e l a t i o n  is o n l y  approximate and,  / 
t h e r e f o r e ,  t h e  r e s u l t  g i v e s  o n l y  an i d e a  of t h e  o r d e r  of magnitude f o r  t h e  t h e r -  
m a l i z a t i o n  t i m e .  I t  Suppor t s ,  however, o u r  r e s u l t s  which i n d i c a t e s  t h a t  t h e  
energy exchange w i t h  t h e  H 0 molecules is s t r o n g l y  h indered .  I n  ice of l i q u i d  2 
hydrogen t empera tu re  t h e  mean energy does no t  show a  p u r e l y  e x p o n e n t i a l  behav- 
i o u r .  T h i s  is t o  be  expected a s  t h e  neu t rons  a r e  s t i l l  f a r  f rom e q u i l i b r i u m .  
I f  a  f i r s t  e igenva lue  e x i s t s  a t  a l 1 , a  lower l i m i t  f o r  t h e  t h e r m a l i z a t i o n  t i m e  
can be ob ta ined  by t h e  assumption t h a t  t h e  r e g i o n  where t h e  mean energy approch- 
e s  i ts e q u i l i b r i u m  v a l u e  beg ins  immediately a f t e r  t h e  end of t h e  t i m e  i n t e r v a l  
of our  measurements. T h i s  e x p o n e n t i a l  approach is i n d i c a t e d  by t h e  d o t t e d  l i n e  
i n  f ig .18 . f rom which a  lower l i m i t  of about  800 us is ob ta ined .  / 
4. Summarv 
The t i m e  dependence of neu t ron  s p e c t r a  i n  s o l i d  z i rconium h y d r i d e  of 
0 0 
room tempera tu re  and i c e  a t  77 K and 21 K have been i n v e s t i g a t e d .  From t h e  
mean energy of t h e  s p e c t r a  t h e  v a l u e s  of - which f  o r  t h e  i n f i n i t e  medium 
h1-L0 
a r e  i d e n t i c a l  w i t h  t h e  t h e r m a l i z a t i o n  t i m e  have been determined.  The r e s u l t s  
a r e  g iven  i n  t h e  f o l l o w i n g  t a b l e :  
Buckling l. l u s ]  Remarks 
El"m-'J - h~ 
I c e  ( 7 7 O ~ )  
97 f: 7 
74 2 7 Leakage spectrum 
67 2 10 Transmiss ion 
method 
0.155 > 800 
T h i s  a n a l y s i s  is based on t h e  assumption t h a t  t h e  concept  of a thermal- 
i z a t i o n  t i m e  is r e a s o n a b l e  and,  i f  s o ,  t h a t  it  is p o s s i b l e  t o  s e p a r a t e  t h e  two 
lowest  energy modes from t h e  c o n t r i b u t i o n  of h i g h e r  modes. The r e s u l t s ,  how- 
e v e r ,  a r e  no t  a c c u r a t e  enough t o  s tate t h i s  w i t h  c e r t a i n t y .  For z i rconium hy- 
d r i d e  a t  2 4 O ~  and i c e  a t  7 7 O ~  a  rough e s t i m a t e  i n d i c a t e s  t h a t  t h e  f i r s t  condi-  
t i o n  might be f u l f i l l e d .  The d i f f e r e n c e  of t h e  d a t a  f o r  z i rconium h y d r i d e  show 
t h a t  t h e  c o n t r i b u t i o n  of h i g h e r  modes might no t  be n e g l i g i b l e .  Because of 
t h e s e  d i f f i c u l t i e s  i t  seems more a p p r o p r i a t e  t o  compare t h e  r e s u l t s  of t h e  spec-  
t r a  measurements d i r e c t l y  wi th  theory.  T h e r e f o r e ,  we i n t e n d  t o  perform t i m e -  
-dependent s p e c t r a  c a l c u l a t i o n s  f o r  t h e  i n v e s t i g a t e d  moderators.  
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